Running title: Quantitative proteomics of rat-tissue mitochondria.
INTRODUCTION
Different mammalian tissues have distinct energy needs and mitochondria morphology can vary widely, although the structure is not exclusively linked to respiration (1) . Morphology and structure of mitochondria in mammalian skeletal muscle, heart and liver are very different (2). In skeletal muscle mitochondria are distributed between sarcomeres, and tightly embedded in the microfilaments (F-actin) and microtubules. Indeed, the intimate association of mitochondria with the myofilaments minimizes diffusion distance and facilitates conversion of chemical energy to mechanical work. Mammalian skeletal muscle is a highly specialized tissue composed of fibers with a diverse range of properties. The aerobic type I fibers contain many mitochondria and rely on oxidative phosphorylation for ATP. Type IIa fibers are very rich in small mitochondria and are characterized by a high capacity for oxidative ATP generation. These mitochondria can only oxidize glycolytic products, unlike those in type I fibers that can also utilize fatty acids and ketones.
Type IIb fibers rely upon anaerobic glycolysis, contain few mitochondria and have high levels of glycogen (3) . Given these functional differences it is reasonable to assume that mitochondrial and mitochondria-related proteins are present in different amounts depending on the specific energy requirements of each muscle. Moreover, the number of mitochondria per cell appears to vary significantly from cell type to cell type, with estimates ranging from a few hundred to a few thousands per cell. Interestingly, in recent reports mitochondria have been defined as "cellular mitochondrion", as they resemble a highly dynamic organelle that is often organized as a continuous reticulum (4), but that can fragment depending on the cell state.
Current models of the mitochondrial inner membrane depict it as continuous and recently published electron tomography pictures show that cristae are continuous with the inner boundary membrane through small number of narrow tube-like connections (4-6). It has been hypothesized that the intracristal and intermembrane space might exist as two separated compartments. The number and morphology of cristae are likely to reflect the response of the mitochondria to the energy demands of the cell. Highly folded, lamellar cristae with a large surface area are typically found in muscle and neurons, where the respiratory rate is the greatest. So far, little is known about the control of cristae morphology in relation to function and activity and the control of this morphology by nuclear genes during development and differentiation (1) .
Given such widely varying morphologies it is reasonable to expect that the protein composition of these organelles may vary significantly from tissue to tissue. To gain a better understanding of the organization of mitochondria we focused our attention on the intermembrane space and matrix-enriched fractions, investigating their protein composition at a quantitative level (Suppl. Fig.1 ). Although mitochondrial matrix is quite well characterized with respect to the main metabolic pathways, it is widely accepted that many other proteins remain to be discovered. In addition, very little is known about the relative abundance of matrix proteins in the different tissues.
However, given the structural complexity of mitochondria, the possibility of cross contamination between subfractions must be taken into account for a correct interpretation of the results.
Recently, several mitochondria proteomic studies have been published, based on yeast (7), human (8) and mouse (9) tissues. In our previous study, we elucidated the protein composition of mitochondria from several mouse tissues (heart, brain, liver, kidney), revealing that approximately 50% of the mitochondrial proteins occur in all the analyzed tissues (9) . Moreover, a quantitative comparison of different tissues by means of cDNA microarray expression analysis highlighted functional classes of genes that seem to be regulated in a tissue-specific manner. Here we have characterized mitochondria from three Rattus norvegicus tissues, heart, liver and skeletal muscle, the latter of which had not yet been analyzed by proteomics. This analysis provides new insights into the tissue-specific expression of mitochondrial proteins and reveals a number of candidates uniquely expressed in skeletal muscle and liver mitochondria.
EXPERIMENTAL PROCEDURES

Isolation of rat tissue mitochondria
Male Wistar rats weighing approximately 300 g were starved overnight with water ad libitum.
After killing the animal by cervical dislocation, the liver was quickly removed and washed three times in 150 ml of 250 mM sucrose, 10 mM Tris-HCl, 0.1 mM EGTA (pH 7.4). The buffer was supplemented with 2 mM PMSF (Applichem). The liver was then minced with scissors and homogenized with an Ikawerk Potter homogenizer (Teflon pestle). After diluting the homogenate to 300 ml with the same buffer, large cellular debris and nuclei were pelleted by centrifuging for 10 min at 600 × g max . Mitochondria were pelleted by centrifuging the supernatant for 10 min at 7000 × g max and after suspending the pellet in 5 ml of the buffer, the sample was centrifuged again. Skeletal muscle and heart mitochondria were isolated as described (10) . Skeletal muscle mitochondria where isolated from all rat leg muscles whereas heart mitochondria were obtained by homogenizing 10 rat hearts for each experiment.
Mitochondrial pellets were gently re-suspended in a small volume of buffer (250 mM sucrose, 0.1 mM EGTA, 10 mM Tris-HCl, pH 7.4) to a final protein concentration of 8-15 mg/ml and further purified on a density-gradient with 50% (v/v) Percoll (Amersham Biosciences) in 10 mM Tris-Mops, 0.1 mM EGTA, pH 7.4. The lower band corresponding to mitochondria was recovered (11) . Preparations of skeletal muscle mitochondria presented a relatively wider upper band, even though care was taken to remove the "fluffy" layers from the pellets during isolation. Fractions (2-4 ml) were removed from the gradient with a pipette and washed twice before use.
Subfractionation of mitochondria
The suspension of mitochondria (10-20 mg·ml -1 in 250 mM sucrose, 0.1 mM EGTA, 10 mM
Tris-HCl, pH 7.4) was diluted with 5 volumes of 10 mM Tris-HCl pH 7.4 and gently stirred on a magnetic stirrer at 4°C for 20 min. The hypotonically shocked mitochondria were then sedimented at 20000 × g max for 20 min and the supernatant from this step was considered to contain intermembrane space proteins (12) . Shocked mitochondria were re-suspended in 10 mM Tris-HCl, pH 7.4 to a protein concentration of about 2 mg·ml -1 and left on ice to allow further swelling of the mitochondrial matrix space. After 5 min, "shrinking buffer" (one-third of the suspension volume), containing 1.8 M sucrose, 8 mM ATP, 8 mM MgCl 2 , adjusted to pH 7.4 with KOH, was added. The suspension was mixed carefully by 3 strokes in a loose-fitting Dounce homogenizer. After 5 min, 10 ml aliquots were ultrasonicated for 3 × 5 sec in an ice-ethanol bath. Total mitochondrial membranes were sedimented at 125000 × g max for 60 min. The supernatant, representing the matrix fraction, was filtered with Amicon Ultra-4 filters (cut off 10000 MW, Millipore) by spinning at 6000 × g max for 30 min.
GeLC-MS/MS and LC-MS/MS of mitochondrial proteins.
For the in gel separation approach, 40 μg of total mitochondrial protein (Bradford assay) were loaded onto a 4-12% gradient polyacrylamide pre-cast gels (NuPAGE Novex Bis-Tris gels, 1 mm, Invitrogen) and stained with colloidal Coomassie (Invitrogen). Gel lanes were cut into approximately 10 slices and subjected to in gel tryptic digestion essentially as described (13) .
Briefly, following complete de-staining, gel slices were cut, washed with 50 mM ammonium bicarbonate and shrinked with ethanol. Reduction/alkylation of proteins was performed with 10 mM DTT and 55 mM iodoacetamide. After two wash steps with ammonium bicarbonate/ethanol, the gel was dried with ethanol and incubated with 12.5 ng/µl trypsin (Promega) in 50 mM ammonium bicarbonate at 4°C for 15 min. The supernatant was then discarded and replaced with 50 mM ammonium bicarbonate and the reaction allowed to proceed overnight at 37°C. The reaction was stopped with 1% TFA, 0.5% acetic acid and 3% acetonitrile and the supernatant recovered.
Additional peptide extraction steps were performed with 30% acetonitrile and 100% acetonitrile.
Supernatants were concentrated to low volume and then diluted to approximately 200 μl with 0.5% acetic acid, 3% acetonitrile, 1% TFA.
For the in solution approach, aliquots corresponding to 10 μg of total protein (Bradford assay) were diluted to 25 μl with dilution buffer (6 M urea; 2 M thiourea; 10 mM Hepes; pH 8),
reduced, alkylated and digested to peptides with trypsin and endopeptidase LysC as described (14) .
Resulting tryptic peptides were desalted and concentrated on reversed phase C 18 StageTips (15). 
Quantitative analysis of mass spectrometry data
MSQuant was used to extract and integrate ion chromatograms for all peptides. Where a peptide was not identified by tandem mass spectrometry, its elution time was predicted through correlation with parallel samples of other tissues in order to extract the correct ion current (19) . Due to limitations in the linear dynamic range of the mass spectrometer, when measuring differences greater than ten-fold we report ratios greater than this limit with no standard deviation (14) . MSQuant to extract and integrate ion chromatograms, ion intensity profiles for each detected peptide were reconstructed across the gradient fractions, normalized and then compiled into protein correlation profiles (PCP) (19) . PCPs of ATP synthase, Fumarate hydratase, NADH dehydrogenase were then used to establish a consensus profile for mitochondrial proteins against which all other PCPs were evaluated. In this case contaminating proteins would be expected to have a fractionation profile very different from that of the mitochondrial proteins. A χ 2 value was then calculated as a goodness of fit metric. Any protein where χ 2 ≤ 0.2 was considered to be mitochondrial while any protein where χ 2 > 0.2 was considered to be a contaminant.
Bioinformatics.
For BLASTing (ftp://ftp.ncbi.nih.gov/blast/executables/) our sequences against the mouse Mitop database (672 sequences of the mitochondrial reference set, http://ihg.gsf.de/mitop2/showmousemask.do) we considered two proteins to be orthologous if they shared at least 70% amino acid sequence within the aligned segment and had BLAST e-values below 10 -4 . 490 out of 887 sequences (including those identified with just one peptide) did not have an orthologue based on these criteria.
In the GeLC-MS analysis, the protein sequences in the three lists (skeletal muscle, heart, liver)
were then BLASTed against each other to produce a list of "unique" candidate sequences. Skeletal muscle-specific and liver-specific lists were generated that contained proteins identified in that tissue with no identified orthologue in the other tissues. Sequences lacking a cellular localization in the SwissProt database were predicted with Mitopred (22, 23) (http://mitopred.sdsc.edu) and our entire inventory was cross-referenced with the mitochondrial proteins we had reported earlier (9).
Proteins found not to be unique to skeletal muscle for any reason were rejected. The same procedure was applied to obtain a list of liver "unique" candidates.
To compare quantitative proteomic data with microarray data we downloaded 71 different rat microarray experiments that used the Affymetrix RG-U34A platform, each composed of 8798 different expression values. These experiments contained the expression profiles of 28 different tissues, including skeletal muscle (gastrocnemius and soleus, skeletal muscle generic), heart and liver. As the microarray experiments were performed by different laboratories, we first normalized the data using the DNA-Chip Analyzer (dChip) program (24) (www.dchip.org/). The Affymetrix gene identifiers corresponding to the protein accession numbers obtained here were retrieved using NetAffx (https://www.affymetrix.com/analysis/netaffx/batch_query.affx). Of the 887 proteins identified by MS, the corresponding genes for 364 were found in the RG-U34A platform.
Hierarchical clustering was performed with dChip, where the distance between two genes was defined as 1 -r, where r was the Pearson correlation co-efficient.
RESULTS
Survey of rat mitochondrial proteins.
The principle aims of this study were to quantify tissue-specific differences in the mitochondrial matrix and to analyze the intermembrane space in different tissues. Through empirical observation, the swelling and shrinking treatment of initially highly pure mitochondria led to the most complete and effective separation of these two fractions. In total we prepared submitochondrial fractions from several different male rats, and analyzed them across fifteen different experiments by means of both protein in gel and in solution digestion followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).
We then asked whether all these proteins had been reported in previous mitochondrial proteomic studies. Approximately 55% of the proteins identified in this study (887, including those identified with one peptide) did not have an apparent orthologue in Mitop (25) (this database includes the proteins identified by Mootha et al. (9)). Fifty five of those with no orthologue were skeletal muscle structural proteins or peroxisomal proteins and thus may be contaminants. The remaining 420 proteins were generally more abundant in skeletal muscle, a tissue where mitochondria have not previously been analyzed by proteomics.
Quantitative analysis of mitochondrial proteins in skeletal muscle, heart and liver.
For the quantitative analysis of proteins we applied the in solution digestion approach to matrix and intermembrane space proteins from heart, skeletal muscle and liver. By correlating the elution times of sequenced peptides (see Experimental Procedures) we were able to use the ion intensity of each peptide as a measure of relative abundance between the three tissue samples (19) ( Fig. 1) . Those proteins identified with only one peptide were excluded from the quantitation and for the remaining proteins we used the three highest peptide intensity values (if available) from each as a measure of protein abundance. The contribution of known contaminants was excluded from the calculation. The reproducibility of this method of quantification was evaluated using the data for 75 protein hits measured in triplicate analyses of samples from the same animal. The ratio of the standard deviation to the arithmetic mean of intensities across all three measurements averaged 9%
and ranged from 1 to 29% (Suppl. Fig. 2) .
A protein was considered to be primarily associated with one tissue if it was at least three times more abundant there than in both of the other tissues. Table 2 contains those proteins associated exclusively with one tissue in at least three independent experiments or in two experiments if they also displayed a high mitochondrial targeting prediction score and the complete list of analyzed proteins can be found in Suppl. Table S2 . In this table we also included the mRNA abundance of those proteins that had a corresponding gene in the microarray and that displayed at least a three-fold abundance preference for one tissue versus the others. By simply calculating every pairwise ratio (e.g., heart/liver, heart/skeletal muscle) for the microarray data, we estimate that on average 84% of the gene ratios changes in the same direction as the protein ratios. As expected, in the mitochondrial matrix we also identified "soluble" subunits of the electron transport chain that are well known to be exposed on the matrix face of the inner membrane and could have been partially removed from the membrane upon sonication (26) (27). This is only one of the possible explanations for the identification of small soluble polypeptides of Cytochrome c oxidase (28) .
Indeed, the matrix fraction could reasonably contain inner membrane vesicles, as partial cross contamination is unavoidable in mitochondrial preparation with the presently available isolation procedures. Therefore the accuracy of quantitation of the inner membrane soluble subunits is most likely affected by this problem. The b subunit of ATP synthase connects the F1 and F0 sectors of the enzyme, and extends from the inner membrane to near the top of F1 on the matrix side (29) .
Here, we can again hypothesize that either the matrix fractions contained some sub-mitochondrial particles, or that the sonication affected the anchoring of the small membrane-spanning domain. In skeletal muscle mitochondria the differentially expressed Pyruvate dehydrogenase lipoamidephosphatase 1, Pyruvate dehydrogenase phosphatase regulatory subunit and the Chaperone-activity of bc1 complex protein are all involved in the regulation at different levels of energy production. In particular, the latter one was extremely abundant in all the analyzed samples. The a subunit of NAD+-specific isocitrate dehydrogenase, a complex which is also involved in a key step of regulation, was associated with skeletal muscle in three independent experiments. The b subunit of this complex -although more abundantly in skeletal muscle -was identified in only one of the experiments and therefore was not be included in the Table. This might reflect limitations in the mass spectrometry analysis. By globally comparing the skeletal muscle and heart associated proteins (Table 2 and Suppl. Table S2 ) we observe that proteins involved in the electron transport and in the oxidative phosphorylation are more abundant in heart mitochondria (suggesting a higher energy demand), whereas enzymes with regulative functions are more abundant in skeletal muscle.
Surprisingly, the VDAC channels were also identified in the skeletal muscle matrix, although these proteins are classically thought to reside in the outer mitochondrial membrane. Their occurrence in the matrix preparation may be a reflection of the extremely high abundance of these proteins in skeletal muscle mitochondria.
This same quantitative approach was applied to analyze subfractions from liver and skeletal muscle mitochondria. Matrix and intermembrane space-enriched fractions were prepared from both tissues and analyzed as described above. The association of a protein with one sub-fraction was based on the percentage ratio obtained from the quantitation and proteins were again considered primarily associated with one sub-fraction if they were three-fold more abundant in that subfraction. This study was performed on liver and skeletal muscle mitochondrial samples (Suppl .   Tables S3-S4 ). Reducing the sample complexity resulted in a sensitivity enhancement.
Despite the reduced sample complexity offered by mitochondrial subfractionation, some low abundance proteins could still be missed by in solution digestion and direct LC-MS/MS analysis.
Therefore, we used gel-enhanced LC-MS (GeLC-MS) (30) to further resolve matrix proteins from skeletal muscle and liver prior to LC-MS/MS analysis. Potential redundancy in the results from this analysis was reduced using BLAST (see Experimental Procedures) to arrive at a list of "unique" candidate sequences. Table 1 contains the list of 21 proteins found only in skeletal muscle.
Similarly, a list of 238 proteins unique to liver was obtained from the BLAST analysis of 814 protein sequences obtained with GeLC-MS/MS (not shown).
Estimation of mitochondrial specificity.
Purification protocols for mitochondria have been refined by several groups over many years.
Despite this, the exquisite sensitivity of modern mass spectrometers has revealed that it is very difficult, if not impossible, to purify these or any other organelles to homogeneity so potential contaminants must be dealt with in an unbiased way. One method to estimate the level of contamination is to express the sum total of known contaminants as a fraction of the whole protein mass. By calculating the partial sum values for myoglobin, haemoglobin, myosin, actin, peroxisomal and endoplasmic reticulum proteins as a fraction of total sums we found that mitochondrial preparations from heart contained the highest levels of contaminants (5-14%)
followed by muscle at 2-4% and by liver at 1-3% (Fig. 2) .
A more accurate and unbiased method for assessing contamination is protein correlation profiling (PCP) (19) , a method we have developed to overcome the specificity limitations inherent in biochemical isolation of subcellular fractions. With PCP it was possible to determine a characteristic common profile for mitochondrial and mitochondria-associated proteins based on the peptide quantitation across a number of sucrose gradient fractions. In organelle preparations there is always some degree of other cellular components co-fractionation, but PCP is extremely effective in discriminating organelle-associated proteins through their profile across the examined fractions.
Indeed, proteins non associated with mitochondria showed a completely different profile and could thus be easily distinguished. Here we apply PCP to confirm the mitochondrial location of a number of candidate proteins with uncertain or previously undefined subcellular localization. We used the PCPs of three accepted mitochondrial enzymes, fumarate hydratase, NADH dehydrogenase and ATP synthase, as a standard against which to compare all other measured PCPs. Where the χ 2 value indicated a closely matching profile (see Experimental Procedures) proteins were considered to be mitochondrial localized (Table 3) .
Hierarchical cluster analysis of mRNA expression data.
Hierarchical clustering of expression data can provide valuable insight into co-regulated sets of genes, revealing previously undiscovered components of a pathway or an organelle (9) . To this end we have used hierarchical clustering of 8798 rat mRNA expression data from 28 tissues in order to identify novel putative mitochondrial proteins. Publicly available datasets collected on the RG-U34A chip set were clustered using dChip (see Experimental Procedures) in order to identify gene clusters enriched in mitochondrial and putative mitochondrial genes that corresponded with proteins identified by mass spectrometry. We edited dChip in order to assign a novel GO term representative of the list of our 364 putative mitochondrial genes that had a corresponding protein identified by mass spectrometry (we named it "Mito_MS" term) and ran dChip to cluster all the genes in the platform. This resulted in the identification of three main gene clusters enriched in our mitochondrial genes to different extent. In particular, one of the clusters contained 187 Affymetrix oligonucleotide probes (corresponding to 163 different genes, Suppl. Table S5 ) and the corresponding proteins for 85 of these genes were also identified with mass spectrometry, representing 52% of the cluster members. The idea was that due to the high enrichment in mitochondrial genes of this cluster, it was likely that other members of the cluster may also be components of the mitochondria. We then used the mitochondrial prediction algorithm Mitopred to evaluate the 130 proteins for which we could not retrieve a mitochondrial GO annotation and obtained scores greater than 60% for 65 of these proteins. Of these, 35 had been identified by mass spectrometry, representing a class with extremely high confidence of mitochondrial localization because of independent evidence (occurrence in the cluster, MS-based organellar proteomics, bioinformatics prediction). This group of proteins is marked in Suppl. Table S5 as "class 2", whereas "class 1" represents genes with mitochondrial annotation. Genes for which the corresponding proteins had high prediction scores with Mitopred but were not identified by mass spectrometry are marked as "class 3". Similarly, we grouped the genes that were not predicted as mitochondrial as "class 4" (if identified by MS) and "class 5" (not identified by MS). Since "class 2" subset of proteins fulfills independent experimental criteria, it is very likely that it represents novel mitochondrial proteins (a selection of the most interesting of these proteins is reported in Table 4 ). This result demonstrates that the integration of different technologies is very effective in gaining new insights into the composition and organization of cells.
Functional classification of proteins and RNA.
As an orthogonal approach to discovering tissue-specific functional classes of mitochondrial proteins we used GoMiner program (31) to group proteins based on their Gene Ontology annotation. In heart, "ion transporter and ATPase activity" was one of the major terms, representing the oxidative phosphorylation and energy production machinery. In skeletal muscle, the three major terms were "response to stimulus", "protein binding" and "metal ion binding". In particular, the first (P05982) and Catalase (P04762). Finally, in liver we found that proteins related to lipid and amino acid metabolism categories were the more represented. Major protein categories in the three tissues were compared with the GO terms obtained for the major heart, skeletal muscle and liver gene clusters (corresponding to the tissue-expressed genes) obtained from hierarchical cluster analysis of the 364 genes that had a correspondent protein identified by mass spectrometry. These clusters are indicated as 1, 2, 3 and 7 in Suppl. Fig. 3 . In liver, the highest score terms were basically identical for both proteins and genes. In heart, the highest score GO term for the gene cluster 1, "lipid metabolism", was not assigned with statistical significance in the heart protein classification (except for the related "lipid binding"), although by joining the gene clusters 1, 2 and 3 into a single cluster (corresponding to heart and skeletal muscle differentially expressed genes), we obtained in addition "ion transport" and "oxidative phosphorylation" as major terms, in close similarity with those obtained for proteins.
DISCUSSION
Mitochondria are morphologically well-defined cytoplasmic organelles and a great deal of information is already known about the metabolism that occurs within them and the proteins that populate them. Nevertheless, it is generally agreed that there remain many more mitochondrial proteins to be discovered. This is especially true for mitochondria from different tissues, as much of the proteomic work on mitochondria has been done on organelles isolated from heart and liver (8, 32, 33) . Previous proteomic studies of tissue-specific differences in mitochondria have been qualitative or have used cumulative statistics (9) . Our analysis of whole mitochondria and submitochondrial fractions from rat liver, skeletal muscle and heart resulted in the high confidence identification of 689 proteins. By applying several different methods to evaluate tissue-specific differences we have developed a clearer picture of how the different metabolic requirements of the tissues examined result in mitochondria of different compositions.
This quantitative study was based on comparing peptide ion intensities between LC/MS analyses, a method we have shown to give reliable estimates of relative protein abundances between complex samples (19) . The analysis described here led to the assignment of 75 proteins associated preferentially with liver, 23 proteins associated with heart and 22 proteins associated with skeletal muscle mitochondria (see Suppl. Table S2 ). In particular, 27 out of the 75 liver-associated proteins were "liver-unique" according to the GeLC-MS/MS based analysis. Our observation that the number of proteins unique to either the heart or the skeletal muscle-associated groups was considerably less than for liver is likely due to the similarity of heart muscle and skeletal muscle tissues and, by extension, their mitochondria. If we consider that approximately 400 different proteins were confidently identified on average in each single LC-MS experiment it can be estimated that about 30% of these mitochondrial proteins have a tissue-specific expression according to the criteria we have adopted (Experimental Procedures). Some parallels exist between these results and our previous qualitative study (9) , where we had propose a model in which half of the mitochondrial components are present in all tissues and the other half being tissue specific.
Indeed, we expect that by increasing the number of analyzed tissues, the number of proteins found to be tissue-specifically expressed through the quantitation would also increase.
As anticipated, the quantitative correlation also led to the identification of different proteins with high expression levels in either the matrix or the intermembrane space of the examined tissues.
We focused mainly on the matrix compartment, where we observed that several of the tissuespecific proteins identified through the proteomic analysis could be correlated with the specific metabolic characteristics of the tissue. In order to assess the reliability of our mass spectrometry data, in the first instance we focused on the proteins that had already been extensively studied by means of biochemical methods and whose higher abundance in specific tissues is well established.
As an example, we found that electron transport chain related enzymes and subunits were highly abundant in heart mitochondrial matrix and this is in agreement with the well known tissue-specific expression of complex IV (34, 35) (Suppl . Table S2 ). Similarly, in agreement with what is already known, we found a high abundance of the urea cycle enzymes in the liver. These observations were an important starting point for our data analysis.
Enzymes related to the regulation of the skeletal muscle energy metabolism are highly expressed in skeletal muscle mitochondria, such as different phosphatases and kinases. At least two proteins with chaperone functions are also observed. We identified two interesting skeletal muscle expressed proteins for which no previous experimental evidences of localization to mitochondria have been reported, namely the hypothetical protein similar to TU12B1-TY which is reported to have 5'-nucleotidase activity and Williams-Beuren syndrome critical region protein 21 which is involved in several biological processes, e.g. in the xenobiotic metabolism.
Even though several metabolic pathways have been ascribed to the intermembrane space (36), the protein composition of this sub-compartment is perhaps the least well known. The important role of the intermembrane space in mitochondrial protein import came to light with the discovery of Tim10p and Tim12p in yeast, two proteins that belong to a specific TIM system specialized in the transport of hydrophobic proteins into the inner membrane (37) . So far, efforts to find conventional chaperones in the intermembrane space have produced no results (38) and our data generally support these findings. The one exception to this was heat shock 71 kDa protein that was detected in liver mitochondria. Bioinformatic analysis of intermembrane space or matrix-enriched proteins annotated in Gene Ontology or SwissProt as non-mitochondrial provided additional support for the localization of these proteins to their respective mitochondrial substructures. H protein was identified in liver and skeletal muscle, but was approximately three times more abundant in liver;
the ratio between intermembrane fraction and matrix was also conserved in the two tissues (approximately 3:1). HIRA interacting protein (HIRA has been shown to directly interact with core histones) had a Mitopred score of 100% and showed a more than three fold enrichment in the skeletal muscle intermembrane space. For the protein 'similar to Aa2-258' (100% score) evidence of its association with mitochondria emerged from hierarchical cluster analysis (Table 4) while NipSnap 1, which was associated with the skeletal muscle intermembrane space, was putative mitochondrial in the correlation profiling analysis. Finally, it is notable that some sequences had a very high mitochondrial prediction score with Mitopred although they are associated with other organelles according to the SwissProt and GO annotations. Specifically, 3-ketoacyl-CoA thiolase A and Acetyl-CoA acyltransferase 1 are only annotated as peroxisomal proteins, whereas Aldehyde dehydrogenase 3 as associated with the endoplasmic reticulum.
As expected, the matrix-associated proteins according to this correlation were almost entirely known mitochondrial proteins. Some proteins with unknown or doubtful sub-cellular localization had 90-100% mitochondrial prediction score with Mitopred or PSORT II (39), such as Acid phosphatase 6 (with orthophosphoric monoesters de-phosphorylation activity), Kidney-specific protein (AMP binding) and ES1 homolog, which is annotated as potentially mitochondrial in the SwissProt database. Interestingly, the gene for "Kidney-specific protein" that had been previously described to exhibit a unique kidney-specific expression (40) was also associated with the liver matrix fraction in our study. Due to the high sensitivity of the mass spectrometry, it is likely that trace amounts of proteins were identified and quantitatively relevant in a relatively low-protein density sample such as the intermembrane space. With few exceptions, the matrix and intermembrane space proteins appeared to be expressed in a tissue-specific manner. Indeed, only (H = heart, SM = skeletal muscle, L = liver). Heart mitochondria contain the highest percentage of non-mitochondrial proteins (mainly structural proteins such as myosin and actin), followed by skeletal muscle and liver. Table 4 . Selection of interesting non-mitochondrial annotated proteins (based on GO) that were associated with the mitochondrial-genes enriched cluster and that were identified by mass spectrometry ("class 2" and "class 4" in Suppl. Table S5 ). The cluster was enriched in the MS-identified proteins of the "Mito_MS" term (Suppl . Table S5 ), therefore proteins with unknown localization associated with this cluster may be considered putative mitochondrial or associated with mitochondria. In this 
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